Abstract. The present study investigated cis-unsaturated free fatty acid (FFA)-regulated glucose uptake. In the cell-free assay of protein tyrosine phosphatase 1B (PTP1B), cis-unsaturated FFAs such as linoleic, linolenic, and oleic acid significantly suppressed PTP1B activity in a concentration (1 -100 mM)-dependent manner, with the highest potential for oleic acid. Oleic acid (1 mM) stimulated insulin (0.1 nM)-induced phosphorylation of the insulin receptor at Tyr1185 and increased insulin (0.1 nM)-induced phosphorylation of Akt at Thr308 and Ser473 in differentiated 3T3-L1-GLUT4myc adipocytes. In the föerster resonance energy transfer analysis, oleic acid activated Rac1 in PC-12 cells, which is inhibited by the phosphatidylinositol 3-kinase (PI3K) inhibitor wortmannin, the 3-phosphoinositide-dependent protein kinase-1 (PDK1) inhibitor BX912, or the Akt inhibitor MK2206. Oleic acid (1 mM) significantly increased insulin (0.1 nM)-stimulated glucose uptake in 3T3-L1-GLUT4myc adipocytes, although oleic acid by itself had no effect on the glucose uptake. Taken together, the results of the present study show that oleic acid enhances insulin receptor signaling through a pathway along an insulin receptor/PI3K/PDK1/ Akt/Rac1 axis in association with PTP1B inhibition and facilitates insulin-induced glucose uptake into adipocytes.
Introduction
Excessive free fatty acid (FFA) is a central factor for weight gain, prolonged physical inactivity, and/or systemic hyperlipidemia (1) . FFAs are metabolized into triacylglycerol, diacylglycerol, and ceramide; and these metabolites initiate pathways to inactivate insulin receptor signaling intermediates (2 -4) . Increased ceramide causes inflammation, cancer, obesity, insulin resistance, and type 2 diabetes (5 -7). Ceramide allosterically activates protein phosphatases such as protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A), to dephosphorylate and inhibit Akt (8, 9) . Saturated FFAs suppress insulin receptor signaling by promoting ceramide accumulation, to inhibit Akt activity and glycogen content (10) . This may account for saturated FFA-induced ceramide-mediated insulin resistance. Moreover, saturated FFAs are shown to reduce insulin sensitivity, which is responsible for insulin resistance (11 -18) .
cis-Unsaturated FFAs such as arachidonic, oleic, linoleic, linolenic, and docosahexaenoic acid (DHA) are implicated in diverse signaling pathways. A wellrecognized and established pathway is that cis-unsaturated FFAs interact with protein kinase C (PKC) (19, 20) . Intriguingly, several avenues of evidence have pointed that cis-unsaturated FFAs improve insulin resistance related to type 2 diabetes (11, 12, 21 -24) . The cisunsaturated FFA oleic acid is shown to protect against palmitic acid-induced mitochondrial dysfunction, to prevent palmitic acid-induced insulin resistance (25) . The mechanism for the protective effect of cis-unsaturated FFA against insulin resistance, however, is not fully understood. In our recent study, oleic acid inhibited protein tyrosine phosphatase 1B (PTP1B) activity in cell-free systems and activated Akt in MSTO-211H human malignant pleural mesothelioma cells (26) . Oleic acid-induced Akt activation was neutralized by an inhibitor of phosphatidylinositol 3 kinase (PI3K) or an inhibitor of 3-phosphoinositide-dependent protein kinase-1 (PDK1) (26) . These results indicate that oleic acid has the potential to activate Akt through a pathway along a PI3K/PDK1/Akt axis in association with PTP1B inhibition in malignant pleural mesothelioma cells. Akt, a serine/threonine protein kinase, plays a central role in the regulation of glucose transporter type 4 (GLUT4)-mediated glucose uptake into cells in response to insulin. Then, we postulated that oleic acid might also enhance insulin signaling along an insulin receptor / insulin receptor substrate (IRS)/PI3K/PDK1/Akt axis in adipocytes.
To address this question, we assayed PTP1B activity under cell-free conditions; phosphorylation of insulin receptor and Akt; Rac1 activity in föerster resonance energy transfer (FRET) analysis; and glucose uptake into in 3T3-L1 adipocytes expressing GLUT4 tagged on an extracellular domain with a Myc epitope (3T3-L1-GLUT4myc adipocytes). We show here that oleic acid enhances insulin signaling and facilitates insulin-induced glucose uptake into adipocytes. This may represent a new mechanism underlying cis-unsaturated FFAinduced improvement of insulin resistance.
Materials and Methods

Cell-free PTP1B assay
PTP1B activity under cell-free conditions was assayed by the previously described method (27) . Briefly, PTP1B activity was assayed by reacting with p-nitrophenyl phosphate (pNPP) (Sigma, St. Louis, MO, USA) as a substrate. Dephosphorylated pNPP was quantified at an absorbance of 405 nm with a SpectraMax PLUS384 (Molecular Devices, Sunnyvale, CA, USA) as an index of phosphatase activity.
Cell culture
3T3-L1-GLUT4myc cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v) calf serum, penicillin (final concentration, 100 U/ml), and streptomycin (final concentration, 0.1 mg/ ml), in a humidified atmosphere of 5% CO 2 and 95% air at 37°C. When cells had reached confluence (day 0), medium was changed to DMEM supplemented with 10% (v/v) fetal bovine serum (FBS), 1 mM dexamethasone, 0.5 mM 3-isobutyl-metyhl-xanthine, and 0.1 mg/ml insulin so the cells could differentiate from fibroblasts to adipocytes (3T3-L1-GLUT4myc adipocytes). At day 3, 7, and day 11, the medium was changed to DMEM supplemented with 10% (v/v) FBS. At 14 day, cells were used for experiments.
PC-12 cells, obtained from RIKEN Cell Bank (Tsukuba), were cultured in DMEM supplemented with 10% (v/v) heat-inactivated FBS, penicillin (100 U/ml), and streptomycin (0.1 mg/ml), in a humidified atmosphere of 5% CO 2 and 95% air at 37°C.
Western blotting 3T3-L1-GLUT4myc adipocytes were incubated in Krebs-Ringer-HEPES buffer containing 0.2% (w/v) fatty acid-free bovine serum albumin (BSA) supplemented with 10 mM glucose for 1 h at 37°C. Cells were untreated or treated with insulin in the presence and absence of oleic acid for 10 min. Then, cells were lysed in a lysis buffer [150 mM NaCl, 20 mM EDTA, 0.5% (v/v) Nonidet P-40 and 50 mM Tris, pH 7.4] containing 1% (v/v) protease inhibitor cocktail and 1% (v/v) phosphatase inhibitor cocktail (Nacalai Tesque, Kyoto), and then centrifuged at 3,000 rpm for 5 min at 4°C. The supernatant was used as total cell lysate. Protein concentrations for each sample were determined with a BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA).
Proteins were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and then transferred to polyvinylidene difluoride membranes. Blotting membranes were blocked with TBS-T containing 5% (w/v) BSA and subsequently reacted with antibodies against phospho-Tyr1185-insulin receptor b (pY1185) (Bioss, Inc., Wobum, MA, USA), insulin receptor b-subunit (IR) (Thermo Fisher Scientific), phospho-Thr308-Akt (pT308) (Cell Signaling Technology, Inc., Danvers, MA, USA), phospho-Ser473-Akt (pS473) (Cell Signaling Technology, Inc.), and Akt (Cell Signaling Technology, Inc.). After washing, membranes were reacted with a horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG antibody or an HRP-conjugated goat anti-mouse IgG antibody. Immunoreactivity was detected with an ECL kit (Invitrogen, Carlsbad, CA, USA) and visualized using a chemiluminescence detection system (GE Healthcare, Piscataway, NJ, USA). Signal density was measured with an Image Gauge software (GE Healthcare).
Monitoring of Rac1 activity
FRET probe containing Raichu-Rac1 with EV linker was kindly gifted from Dr. Matsuda (Kyoto University) (27, 28) . PC-12 cells were transfected with the FRET probe using an X-tremeGENE HP DNA transfection reagent (Roche, Mannheim, Germany) and then incubated in culture medium containing 10% (v/v) FBS and nerve growth factor (NGF) (500 ng/ml) overnight. Cells were untreated and treated with cis-unsaturated FFAs in the presence and absence of inhibitors for 30 min, and then fixed with formaldehyde [final concentration, 3.7% (v/v)]. Then, the fluorescent signals in fixed cells were monitored with a 474-nm argon laser for cyan fluorescent protein (CFP) and a 506-nm argon laser for yellow fluorescent protein (YFP) with a Zeiss LSM510 META inverted microscope (Zeiss, Oberkochen, Germany). The background was subtracted and the FRET ratio (YFP signal intensity / CFP signal intensity) was calculated using an ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Glucose uptake assay
3T3-L1-GLUT4myc adipocytes were incubated in the Krebs-Ringer-HEPES buffer containing 0.2% (w/v) BSA supplemented with 10 mM glucose for 1 h at 37°C. Then, cells were untreated or treated with insulin and/or oleic acid in phosphate-buffered saline (PBS) supplemented with 10 mM glucose for 2 h at 37°C. After treatment, extracellular solution was collected and glucose was labeled with p-aminobenzoic ethyl ester (ABEE). Then, 5 ml of ABEE-labeled solution was injected onto the column (150 × 4.6 mm) equipped in the high performance liquid chromatography (HPLC) system. ABEE-labeled glucose was detected at an excitation wavelength of 305 nm and an emission wavelength of 360 nm using a fluorescence detector. Glucose concentration taken up into cells was calculated by subtracting extracellular glucose concentration after 2-h incubation from initial extracellular glucose concentration (10 mM).
Oleic acid
Oleic acid was dissolved with dimethyl sulfoxide and stocked. Stocked oleic acid was diluted at more than 1000-fold with the reaction medium or extracellular solution in usage for experiments.
Statistical analyses
Statistical analysis was carried out using Dunnett's test and analysis of variance (ANOVA) followed by a Bonferonni correction. A P-value of < 0.05 was considered significant.
Results
We initially examined the effect of cis-unsaturated FFAs on PTP1B activity in the cell-free systems. In the PTP1B assay, sodium orthovanadate (Na 3 VO 4 ) (1 mM), an inhibitor of PTP1B, apparently attenuated PTP1B activity ( Fig. 1) , confirming a reliable PTP1B assay. All the investigated cis-unsaturated FFAs, linoleic, linolenic, and oleic acid, reduced PTP1B activity in a concentration (1 -100 mM)-dependent manner, the extent reaching almost 0% of basal activity at concentrations more than 30 mM (Fig. 1) . This indicates that cis-unsaturated FFAs serve as a potent PTP1B inhibitor.
PTP1B dephosphorylates phosphorylated tyrosine residue; conversely, PTP1B inhibition prevents tyrosine dephosphorylation. When activated, receptor tyrosine kinases (RTKs) including insulin receptor phosphorylate its own receptor and IRS followed by sequential activation of PI3K, PDK1, and Akt. cis-Unsaturated FFAs, therefore, should enhance RTK signaling through a Fig. 1 . cis-Unsaturated FFAs suppress PTP1B activity. PTP1B was reacted with pNPP in the presence or absence of Na3VO4 (1 mM) or cisunsaturated FFAs (1 -100 mM) such as linoleic (LA), linolenic (LnA), and oleic acid (OA); and dephosphorylated pNPP was quantified. In the graph, each value represents the mean (± S.E.M.) percentage of basal PTP1B activity (Control) (n = 4 independent experiments).
#, * , §, † P < 0.0001, as compared with the control, Dunnett's test. persistent tyrosine phosphorylation. To address this issue, we next monitored Tyr phosphorylation of insulin receptor and Ser/Thr phosphorylation of Akt in differentiated 3T3-L1-GLUT4myc adipocytes. We have confirmed that differentiated 3T3-L1-GLUT4myc adipocytes here are sensitive to Oil-Red O, an adipocyte-specific marker, and express peroxisome proliferator-activated receptor g (29) . We have also obtained data showing that insulin phosphorylates insulin receptor at Tyr1185 and Akt at Thr308 and Ser473 in a concentration (100 fM -100 nM)-dependent manner in differentiated 3T3-L1-GLUT4myc adipocytes (28) . Oleic acid (1 mM) increased insulin (0.1 nM)-induced phosphorylation of insulin receptor at Tyr1185, but not significantly, while oleic acid by itself had no effect on the phosphorylation (Fig. 2A) .
Akt is activated by being phosphorylated at Thr308 and Ser473 due to PDK1 and PI3K. Oleic acid (1 mM) increased insulin (0.1 nM)-induced phosphorylation of Akt at Thr308 not significantly and Ser473 significantly, while oleic acid by itself did not affect Akt phosphorylation (Fig. 2B) . Collectively, these results suggest that oleic acid could activate Akt through a pathway along an insulin receptor/IRS/PI3K/PDK1/Akt axis in association with PTP1B inhibition.
Akt activates the small G-protein Rac1 as a downstream target (30, 31) . To obtain further evidence for cis-unsaturated FFA-induced Akt activation, we monitored Rac1 activity in PC-12 cells using a FRET probe. In the FRET analysis, an increase and a decrease in the ratio (YFP signal intensity / CFP signal intensity) correspond to activation and inactivation of Rac1, respectively. All the investigated cis-unsaturated FFAs, linoleic, linolenic, and oleic acid, significantly increased the FRET ratio (Fig. 3A) , indicating that cis-unsaturated FFAs are capable of activating Rac1. An increase in the FRET ratio induced by oleic acid was significantly inhibited by the PI3K inhibitor wortmannin (20 nM), the PDK1 inhibitor BX912 (100 nM), or the Akt inhibitor MK2206 (5 mM) (Fig. 3B) . Overall, these results indicate 1 nM) and/or OA (1 mM) followed by western blotting using antibodies against pY1185, insulin receptor (IR), pT308, pS473, and Akt. Signal intensities for phosphorylated IR (A) and Akt (B) were normalized by those for total IR and Akt, respectively. In the graphs, each column represents the mean (± S.E.M.) normalized intensity for pY1185, pT308, and pS473 (n = 4 independent experiments). Pvalues, ANOVA followed by a Bonferroni correction. NS, not significant.
that cis-unsaturated FFAs activate Rac1 by enhancing RTK/IRS/PI3K/PDK1/Akt signaling in association with PTP1B inhibition.
Akt facilitates GLUT4-mediated glucose uptake into cells in the insulin signaling pathway. If oleic acid activates Akt, then oleic acid should stimulate insulininduced glucose uptake into cells. To address this issue, we finally examined the effect of oleic acid on glucose uptake into 3T3-L1-GLUT4myc adipocytes. We have confirmed that insulin stimulates glucose uptake into 3T3-L1-GLUT4myc adipocytes in a concentration (0.1 -100 nM)-dependent manner, reaching 3-fold of control levels at 100 nM (29) . In the present study, oleic acid (1 mM) significantly increased insulin (0.1 nM)-stimulated glucose uptake into 3T3-L1-GLUT4myc adipocytes, but no enhancement was otherwise obtained with oleic acid alone in the absence of insulin (Fig. 4) . This provides evidence that oleic acid facilitates insulin-induced glucose uptake into adipocytes.
Discussion
One of the major findings in the present study is that cis-unsaturated FFAs serve as a potent PTP1B inhibitor. The insulin receptor is a RTK, and tyrosine phosphorylation of its own receptor and IRS initiates insulin signaling. PTP1B functions as a negative regulator of insulin receptor signaling pathways by dephosphorylating the receptor (32 -34) . cis-Unsaturated FFAs, accordingly, could enhance insulin signaling through a persistent tyrosine phosphorylation of insulin receptor and IRS by inhibiting PTP1B. In the present study, oleic acid increased insulin-induced phosphorylation of insulin receptor at Tyr1185 and Akt at Thr308 and Ser473 in 3T3-L1-GLUT4myc adipocytes. This indicates that cisunsaturated FFAs could enhance insulin signaling along an insulin receptor/IRS/PI3K/PDK1/Akt axis (Fig. 5) . 4 . Oleic acid increases insulin-induced glucose uptake into 3T3-L1-GLUT4myc adipocytes. Adipocytes were incubated in PBS containing glucose (10 mM) for 2 h in the presence or absence of insulin (0.1 nM) and/or OA (1 mM), and then extracellular glucose was measured by HPLC. In the graph, each column represents the mean (± S.E.M.) glucose uptake (nmol/mg protein per min) (n = 4 independent experiments). P-values, ANOVA followed by a Bonferonni correction. NS, not significant.
In the FRET analysis, cis-unsaturated FFAs activated Rac1 in PC-12 cells, and oleic acid-induced Rac1 activation was cancelled by the PI3K inhibitor wortmannin, the PDK1 inhibitor BX912, or the Akt inhibitor MK2206. This, in the light of the fact that Rac1 is a downstream target of Akt, further supports the notion for cis-unsaturated FFA-induced Akt activation (Fig. 5) .
Akt plays a pivotal role in the regulation of insulinstimulated GLUT4 translocation to the cell surface and glucose uptake into cells (35) . Moreover, Rac1 is shown to participate in the regulation of GLUT4 translocation and glucose uptake (36) . Expectedly, oleic acid significantly increased insulin-induced glucose uptake into adipocytes. Overall, these results indicate that oleic acid facilitates glucose uptake into adipocytes by enhancing insulin signaling relevant to Akt and Rac1 activation. This also suggests that cis-unsaturated FFAs could prevent and improve insulin resistance related to type 2 diabetes.
In conclusion, the results of the present study show that cis-unsaturated FFAs serve as a potent PTP1B inhibitor, resulting in the enhancement of insulin signaling along an insulin receptor/IRS/PI3K/PDK1/Akt/Rac1 axis, to facilitate insulin-stimulated glucose uptake into adipocytes (Fig. 5) . This may extend our understanding about FFA signaling.
